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1. Introduction {#open201900193-sec-0001}
===============

Antibiotics are substances that possess bactericidal activity. The most commonly used antibiotics are: β‐Lactams (penicillins, cephalosporins), macrolides, fluoroquinolones, tetracyclines and aminoglycosides. Each class of antibiotic contains multiple drugs that may have unique activity. Among these antibiotics, aminoglycosides are of particular interest due to their broad spectrum of activity, with rapid bacteriostatic and bactericidal action[1](#open201900193-bib-0001){ref-type="ref"} and favourable chemical and pharmacokinetic properties. These unique properties make them useful drugs against various types of microbial infections.[2](#open201900193-bib-0002){ref-type="ref"} Aminoglycosides are generally most effective against gram‐negative bacteria.[3](#open201900193-bib-0003){ref-type="ref"}

As the global spread of bacterial resistance to antibiotics increases, aminoglycosides remain an important class of broad spectrum antibiotics despite their age owing to their unique structure and properties. Their structure is composed of aminocyclitol with one or more amino or sugar groups. Aminoglycosides are natural products, synthesized from the fermentation of soil microbes (actinomycetes) or semisynthetic derivatives of those secondary metabolites. The presence of multiple amino and hydroxyl groups make them hydrophilic in nature, quite polar, basic and water soluble.[2](#open201900193-bib-0002){ref-type="ref"}, [4](#open201900193-bib-0004){ref-type="ref"} It was believed that the problem of bacterial infection was solved when antibiotics were first discovered. However, antibiotics lose their effectiveness as bacteria evolve to gain resistance traits.[5](#open201900193-bib-0005){ref-type="ref"}

A persistent threat to public health is the spread of multidrug‐resistant infectious diseases. Therefore, it is necessary to develop new antibiotics to replace those that have developed the resistance.[6](#open201900193-bib-0006){ref-type="ref"} This can be achieved by either discovery of new classes of antibiotics or by further development of existing antibiotic classes. Aminoglycosides are considered as one of the most effective antibiotics and derived from a range of streptomyces including amikacin, gentamicin, kanamycin, neomycin, streptomycin, tobramycin and apramycin. Streptomycin was first isolated from streptomyces griseus whereas neomycin was derived from streptomyces fradiae. Gentamycin, tobramycin and amikacin were isolated from micromonospora purpurea, streptomyces tenebrarius, and kanamycin, respectively.[4a](#open201900193-bib-0004a){ref-type="ref"} Neomycin is found in many topical medications such as creams, ointments, and eye‐drops.

Aminoglycosides are used as RNA binders as RNA plays a significant role in both bacteriostatic and bacteriocidal action of these aminoglycosides.[7](#open201900193-bib-0007){ref-type="ref"} Aminoglycosides contain several rings referred to as cyclitols (saturated 6‐membered ring structures), with five or six amino sugars connected by glycosidic bonds as shown in Figure [1](#open201900193-fig-0001){ref-type="fig"}.[2](#open201900193-bib-0002){ref-type="ref"} One of another important features of the aminoglycoside based antibiotics is their unique structure, connectivity and stereochemistry of amino and hydroxyl groups which make them unique because they are groups of diverse polyaminated pseudosaccharides.

![Structures of some aminoglycosides.](OPEN-8-1154-g006){#open201900193-fig-0001}

Aminoglycosides are important class of antibiotics and widely used for treatment of chronic bacterial diseases of heart, lungs and urinary tract.[8](#open201900193-bib-0008){ref-type="ref"} For example, aminoglycosides such as gentamycin and kanamycin are commonly used for the treatment of septicaemia and serious sepsis caused by gram negative bacteria.[9](#open201900193-bib-0009){ref-type="ref"} As aminoglycosides are polycationic saccharides at neutral pH, they are expected to interact effectively with RNA through both electrostatic interactions and hydrogen bonding but the functional resistance occurs at acidic pH.[9](#open201900193-bib-0009){ref-type="ref"} It should also be noted that aminoglycosides can also be used as an important tool to study the molecular recognition of ribonucleic acid (RNA).[10](#open201900193-bib-0010){ref-type="ref"} Based on the aminocyclitol, aminoglycosides are broadly classified into four subclasses:

No deoxystreptamine e. g. streptomycinMono‐substituted deoxystreptamine e. g. apramycin4,5‐di‐substituted deoxystreptamine e. g. neomycin, ribostamycin4,6‐di‐substituted deoxystreptamine e. g. gentamycin, tobramycin, amikacin, and plazomicin[2](#open201900193-bib-0002){ref-type="ref"}

As infectious microorganisms have become much more resistant to aminoglycosides, the antibiotic resistance by pathogens is considered as one of the major problems for human health. Therefore, the advanced research on the design of novel but more effective antibiotics is required. Recently, much research is focused on the detailed structural and functional understanding of the interaction between the drug and the target to design these new antibiotics.[11](#open201900193-bib-0011){ref-type="ref"} For example, the specific interactions occur between functional groups present on aminoglycosides and nucleotides in RNA causes misreading of genetic code and inhibition of translocation processes.[12](#open201900193-bib-0012){ref-type="ref"} These developments triggered a significant attention on the development of modified aminoglycosides such as plazomicin and arbekacin which has some potential to overcome some limitations and are used against multidrug resistant pathogens.[2](#open201900193-bib-0002){ref-type="ref"}

However, these aminoglycosides suffer from a few drawbacks including several side effects such as nephrotoxicity,[4a](#open201900193-bib-0004a){ref-type="ref"}, [13](#open201900193-bib-0013){ref-type="ref"} and ototoxicity,[13b](#open201900193-bib-0013b){ref-type="ref"}, [14](#open201900193-bib-0014){ref-type="ref"} permanent hearing loss or vestibular damage.[15](#open201900193-bib-0015){ref-type="ref"} To reduce these side effects such as nephrotoxicity and ototoxicity in humans, aminoglycosides such as dibekacin, netilmicin, amikacin[15](#open201900193-bib-0015){ref-type="ref"} and isepamicin with an improved antibacterial activity were designed.[4a](#open201900193-bib-0004a){ref-type="ref"}, [16](#open201900193-bib-0016){ref-type="ref"}

2. Mechanism of Action {#open201900193-sec-0002}
======================

Aminoglycoside antibiotics have been shown to be active against various types of gram‐negative and gram‐positive bacteria, particularly the enterobacteriaceae family, including escherichia coli, kebsiella pneumoniae, K. oxytoca, enterobacter cloacae, E. aerogenes, providencia spp., proteus spp., morganella spp., and serratia spp. Although aminoglycosides are used against gram‐negative and gram‐positive bacteria, they are generally most effective against gram‐negative bacteria.[3](#open201900193-bib-0003){ref-type="ref"}

The mechanism of action of these aminoglycosides involves inhibition of protein synthesis. RNA plays an important role in inhibition of the growth of pathogens.[7](#open201900193-bib-0007){ref-type="ref"} Aminoglycosides inhibit protein synthesis by reversible binding with the 16 S ribosomal RNA of the 30 S ribosome, causing miscoding in the translation process, resulting in damage to the cell membrane. Some inhibition involves decoding of the target site by aminoglycosides (Figure [2](#open201900193-fig-0002){ref-type="fig"}).[10](#open201900193-bib-0010){ref-type="ref"} These antibiotics thus exhibit a post‐antibiotic effect, defined as the continued suppression of bacterial growth following transient antimicrobial exposure.[2](#open201900193-bib-0002){ref-type="ref"}, [14](#open201900193-bib-0014){ref-type="ref"}, [17](#open201900193-bib-0017){ref-type="ref"} Unlike other antibiotics, aminoglycosides break down in the stomach and therefore they cannot be given orally and must be injected.

![Decoding site in 16 S ribosomal RNA. At left: secondary structure of bacterial decoding sites in which the aminoglycoside binding site is marked by a box. At right: superposition of the crystal structure of three aminoglycosides complexed with the bacterial decoding site RNA. Reprinted by permission from Wiley (Springer Nature), journal: Cellular and Molecular Life Sciences, COPYRIGHT 2007.[10](#open201900193-bib-0010){ref-type="ref"}](OPEN-8-1154-g007){#open201900193-fig-0002}

In vitro, there is a decrease in antimicrobial activity of aminoglycosides at acidic pH or under anaerobic conditions.[9](#open201900193-bib-0009){ref-type="ref"} The structure of aminoglycosides involves substitution at amino and hydroxyl groups which directly influence the antimicrobial activity.[2](#open201900193-bib-0002){ref-type="ref"} In this review we provide a discussion on the 4,5‐ and 4,6‐disubstituted deoxystreptamine classes of aminoglycosides such as neomycin, gentamycin, kanamycin and tobramycin, because they have been in clinical use for many decades as topical, intravenous or nebulizer formulations.

Thus, herein we focus on functionalisation, supramolecular self‐assembly and applications of this important class of aminoglycosides.

3. Self‐Assembly {#open201900193-sec-0003}
================

The rational design of chemical entities which are able to self‐assemble into stable and dynamically ordered superstructures is essential if supramolecular materials are to be implemented in applications such as biomedicine, catalysis, and material and biological chemistry. Stimuli‐triggered self‐assembly plays an important role in the control of structural transformations in supramolecular living entities on the molecular, cellular, and macroscopic domains. Several parameters drive supramolecular self‐assembly of synthetic molecules, including the nature of the solvent, temperature, and molecular design to control electronic and functional properties.[18](#open201900193-bib-0018){ref-type="ref"} To achieve controlled supramolecular structures, non‐covalent interactions are used, including hydrogen bonding, hydrophobic interactions, van der Waals, ionic and electrostatic interactions, solvophobic effects, and π‐π stacking between adjacent aromatic planes. Antibiotics are small organic molecules with functional groups that may be used for supramolecular assemblies. However, the rational design of molecules for antibiotics that specifically exploits directional growth in nano‐ or meso‐scale objects are very rare. Due to the aforementioned problems with antibiotic resistance, there is an opportunity to functionalise antibiotics, and create novel supramolecular structures that help overcome shortcomings of the small organic molecule on its own.

In one example, Goekl and co‐workers improved the activity of commercial antibiotics erythromycin, kanamycin, rifampicin, and tetracycline with hydraphiles (see Figure [3](#open201900193-fig-0003){ref-type="fig"} where each of the hydraphile compounds bears three diaza‐18‐crown‐6 (**9**) residues). The antibiotics were paired with spacers of three different chain lengths: namely dodecyl, tetradecyl, and hexadecyl.[19](#open201900193-bib-0019){ref-type="ref"} Their study revealed that the mode of action is different for each antibiotic. Kanamycin interferes in translation (protein synthesis) processes and cell respiration, and causes potassium ion leakage, whereas Erythromycin inhibits protein synthesis by binding to the 50 S ribosome subunit, and rifampicin inhibits RNA synthesis by binding to beta‐subunit of RNA polymerase. Tetracycline, a fused ring antimicrobial antibiotic binds to the 30 S ribosome subunit and prevents peptide chain elongation. Hence, the mechanism of action is different for each antibiotic, and is dependent on their structure. In summary the hydrophilic synthetic ion channels were found to enhance the cytotoxicity to E. coli and B. in co‐administered with erythromycin, kanamycin, rifampicin, and tetracycline.

![Hydraphile and antimicrobial structure.[19](#open201900193-bib-0019){ref-type="ref"}](OPEN-8-1154-g008){#open201900193-fig-0003}

The Fuhrhop group reported the spontaneous formation of rigid fibers on negatively charged surfaces (mica, graphite, DNA) from readily available water‐soluble (\>200 mg/mL) antibiotics such as tobramycin, kanamycin and neomycin (Figure [4](#open201900193-fig-0004){ref-type="fig"}). Aminoglycosides tobramycin formed up to 15 micrometer long rigid fibers, with a uniform height of 2.4 nm with an apparent helical pitch of 30 nm on the surface of mica at pH 13 (NaOH). Fibers of similar size (length and width) without secondary structure were obtained from aqueous solution at pH 7, which were characterized by AFM.[20](#open201900193-bib-0020){ref-type="ref"} Interestingly similar fibers obtained from kanamycin and neomycin. However, λ‐DNA strands (height of 1.0 nm) did not interact with tobramycin coils at pH 7 on mica surface. Interestingly, after treatment with EDTA the height of the λ‐DNA strands grew to 3.8 nm upon only treatment with tobramycin, thus, confirm λ‐DNA a wrapped by the supramolecular fibers. Nevertheless, such effect not observed in the case of kanamycin and neomycin. Authors has concluded that such fibers may interact with F‐actin fibers in biological cells.

![AFM image of (a) tobramycin fibers (NaOH) (profile height is 24 Å), (b) fibrous assemblies of kanamycin, and (c) neomycin all on mica as deposited from aqueous solutions at pH 13. Reprinted from[20](#open201900193-bib-0020){ref-type="ref"} with permission of American Chemical Society.](OPEN-8-1154-g009){#open201900193-fig-0004}

In another report, kanamycin A was functionalised with long alkyl stearic acid chains at one of the amino groups attached to one methylene group (C6′) and other three are at equatorial position of chair form, which makes it highly reactive. Interestingly, functionalised kanamycin formed micelles in aqueous solution, with hydrophilic head regions in contact with the surrounding solvent, and the hydrophobic tail in the micelle centre (Figure [5](#open201900193-fig-0005){ref-type="fig"}).[21](#open201900193-bib-0021){ref-type="ref"} This new kanamycin with four amino groups is a pseudo‐trisaccharide, and when mono‐amidated with stearic acid the hydrophilic moiety forms −NH~3~ ^+^....OH hydrogen bonds in aqueous solution, and the hydrophobic moiety allows micelle formation. Intermolecular hydrogen bonds should stabilize the spherical shape of micelles, and larger head groups cover the micelle surface more effectively. Kanamycin inhibits antimicrobial microbial growth by interfering in protein synthesis and strongly interacts with the 30 S subunit of ribosome. Thus, the micelle formation of Kanamycin A 6′‐Stearoylamide may be used to enhance the interaction with ribosome with anionic polyelectrolytes, and may also be used as a drug carrier.

![(a) Molecular structure of Kanamycin A 6′‐Stearoylamide, (b) a model of the micelle made of Kanamycin A 6′‐Stearoylamide in solution, and transmission electron micrographs (TEMs) of (c) micelles deposited from a dilute Kanamycin A 6′‐Stearoylamide (10‐5 M) and (c) a 100‐fold concentration on a carbon grid. The diameter of the micelles in (d) is a uniform 6 nm, corresponding to a fluid bilayer of Kanamycin A 6′‐Stearoylamide. Reprinted from[21](#open201900193-bib-0021){ref-type="ref"} with permission of American Chemical Society.](OPEN-8-1154-g010){#open201900193-fig-0005}

On a similar path, the Liang group developed novel aminoglycoside complexes with DNA *via* electrostatic interactions. These complexes were hydrophobic, leading to the formation of capsules which had a hierarchical shell structure, with smooth, rigid outer layer and a viscoelastic inner layer. This group has also shown that cationic reagents with multiple hydroxyl groups can form kinetically stable structures with DNA in aqueous solution, leading to kanamycin‐DNA capsules. They used kanamycin as the aminoglycoside and studied the interaction with genomic double stranded DNA in aqueous solution as shown in Figure [6](#open201900193-fig-0006){ref-type="fig"}.[22](#open201900193-bib-0022){ref-type="ref"} They have successfully prepared a class of capsule (containing a shell with a hierarchical structure) made up of DNA and aminoglycosides, with its morphology depending on the shape of the DNA droplet before being immersed in kanamycin solution. Using only electrostatic interactions, these capsules with hierarchical shell structures can be useful in wound dressing and drug delivery. They have described a mechanism for capsule formation, where a droplet of DNA solution is added into kanamycin, the kanamycin molecules quickly interact with DNA at outer layer of the droplet. As kanamycin has four positive charges, it can bind with more than one DNA molecule. The dehydration of the DNA‐kanamycin complex enhances the toughness of the formed shell.

![(a & b) DNA‐kanamycin capsules of various morphologies, (c) shape elongations after stretching. CDNA=1.0×10--2 g mL^−1^;Ckanamycin=1.0×10--1 g mL^−1^. SEM images of DNA‐kanamycin capsules at selected regions; (e, f and g) the areas indicated in the white boxes in (d). CDNA=1.0×10^−2^ g mL^−1^; C kanamycin=1.0×10^−1^ g mL^−1^. The scale bar is 200 μm in (d), and 4 μm in (e, f and g). Reprinted from[22](#open201900193-bib-0022){ref-type="ref"} with permission of Royal Chemical Society.](OPEN-8-1154-g011){#open201900193-fig-0006}

RNA is also a major constituent of ribosome, where protein synthesis takes place and plays an important role in the replication of bacteria and viruses. Inhibition of protein synthesis using specific targeted RNA binders can inhibit protein synthesis and subsequently bacterial growth. New RNA binders to inhibit bacterial growth are thus an important target. RNA molecules are good molecular hosts due to their characteristic design, having secondary and tertiary structures.[23](#open201900193-bib-0023){ref-type="ref"} Ideally, one would like to identify recognition rules and well defined binding motifs, and utilize that knowledge for the design of specific RNA binders. Aminoglycosides show a preference for RNA binding by electrostatic, non‐intercalative interactions, as aminoglycosides containing amino and sugar are known to bind with ribosome in prokaryotes. They bind with the decoding region of 16 S rRNA of the 30 S subunit, and thus interfere with translation and translocation processes. This ultimately disrupts bacterial protein biosynthesis. The reported SAR for natural aminoglycosides suggests that the charge density present on aminoglycoside is important for RNA binding. Hence aminoglycosides containing four amino groups (kanamycin) show less RNA binding than five or six amino groups (neomycin B and tobramycin). The Tor group[7](#open201900193-bib-0007){ref-type="ref"} demonstrated that substituting a hydroxyl with an amino group can convert a poor RNA binder such as kanamycin A to reasonably good binder.

Kanamycin contamination in food is undesirable, therefore a new biosensor for the detection of small molecules such as kanamycin is required, and can be achieved using supramolecular principles. Bansal *et al*. reported a new, highly sensitive 'turn‐off/turn‐on' biosensing approach for detection of kanamycin by using the intrinsic peroxidase‐like activity of gold nanoparticles,[24](#open201900193-bib-0024){ref-type="ref"}which oxidise peroxidase substrate in the presence of H~2~O~2~ to form a colored reaction product. This activity is independent of gold aggregation behavior, which makes it similar to traditional biochemical assays such as ELISA. The peroxidase like activity of gold nanoparticle can be turned‐off by blocking its surface through the adsorption of ssDNA aptamer molecules, but this activity can be turned‐on as the high affinity of the aptamer for the target will induce aptamer desorption from the gold nanoparticle surface.

Aminoglycoside antibiotics lack spectroscopic and electrochemical properties, making their detection challenging. Interestingly, the aptamer also possesses functional characteristics in many cases similar to antibodies. Electrochemical sensors are specific, selective, sensitive and widely applicable for the detection of variety of target analytes. The binding properties of an electrode‐bound RNA or DNA aptamer will give specificity. White and co‐workers presented a systematic study of several approaches to develop a sensor for the detection of aminoglycoside antibiotics (Figure [7](#open201900193-fig-0007){ref-type="fig"}).[25](#open201900193-bib-0025){ref-type="ref"} They demonstrated several strategies for an electrochemical aptamer, capable of detecting tobramycin, and utilized several strategies to create larger target induced conformation changes in the aptamer structure, which improve the binding affinity, sensitivity, and the detection abilities of an RNA based electrochemical sensor. These electrochemical aptamer based sensors are capable of detecting tobramycin from micro‐ to nano‐molar level. However, the magnitude of these changes ultimately affects the magnitude of the signal gain achieved by the respective sensors. Below is a schematic illustration of two E‐AB sensor architectures: a low signal gain sensor and a high signal gain sensor. The graphical illustration shows a larger change in conformation upon target binding thus leading to a high signal change (see Figure [7](#open201900193-fig-0007){ref-type="fig"}).[25](#open201900193-bib-0025){ref-type="ref"}

![Electrochemical, aptamer‐based sensors employing structure‐switching aptamers rely on specific target‐induced changes in the conformation and/or flexibility of the aptamer. All sensor architectures investigated in this study appear to demonstrate an increase in conformation/flexibility upon target binding.](OPEN-8-1154-g012){#open201900193-fig-0007}

Several methods are available for kanamycin analysis, including HPLC, chromatography combined with mass spectrometry, capillary electrophoresis and enzyme‐linked immunosorbent assay. But these methods involve costly instruments, complicated procedures and poor sensitivity. Sun *et al*. developed an electrochemical aptamer based sensor/aptasensor based aptamer/target/aptamer sandwich structure for kanamycin detection which was achieved by reaction of H~2~O~2~ and HQ catalysed by horseradish peroxidase (HRP).[26](#open201900193-bib-0026){ref-type="ref"} However, the sandwich assay required two aptamers binding to two different sites, making this method several steps, which made the assay time‐consuming.[27](#open201900193-bib-0027){ref-type="ref"} Song *et al*. reported a new kanamycin aptamer as the sensor and HRP as a biocatalyst for signal amplification using a complementary DNA strand.[28](#open201900193-bib-0028){ref-type="ref"} Liu *et al*. developed an aptasensor using complementary strands labeled Fc as the signalling probe, which was found to be more sensitive that the signalling probe using aptamers labeled Fc.[29](#open201900193-bib-0029){ref-type="ref"} Recently, scientists have attempted to develop label‐free aptasensors based on target‐induced strand displacement. Jingyi *et al*. developed a label free and highly sensitive electrochemical aptasensor using graphene for the detection of kanamycin, in which graphene‐gold nanoparticles were used as modified electrodes with double‐stranded DNA(ds‐DNA) duplex probes, improving the sensitivity of the electrochemical sensor (Figure [8](#open201900193-fig-0008){ref-type="fig"}).[30](#open201900193-bib-0030){ref-type="ref"} Upon addition of kanamycin, the aptamer was displaced from the ds‐DNA duplex into solution, in which methylene blue (MB) was used as a redox indicator. The electrochemical aptasensor for kanamycin displayed a large linear range from 0.1 pmol/L to 10 pmol/L with a low detection limit of 0.03 pmol/L. When this strategy was used for direct analysis of milk samples, the results showed a high sensitivity and a good selectivity.

![Aptasensor preparation and proposed principle for kanamycin detection. Adopted from Reprinted from[30](#open201900193-bib-0030){ref-type="ref"} with permission of Springer.](OPEN-8-1154-g013){#open201900193-fig-0008}

Alvarez *et al*. also used aptamers, to selectively recognise antibiotics.[31](#open201900193-bib-0031){ref-type="ref"} This group presented an aptamer‐based assay for the detection of neomycin B in milk, and showed that the use of a modified‐RNA sequence does not alter the selectivity of the aptamer, enabling it to distinguish the changes in the functionalities of target molecule.

Supramolecular hydrogels consist of a solid three‐dimensional network with noncovalent interactions such as hydrogen bonds, hydrophobic interaction, and π‐π interactions. Hydrogels of small molecules self‐assemble in water to yield supramolecular nanofibers. Supramolecular hydrogels are synthesized from hydrophilic molecules and stabilised by these interactions, which form macromolecular polymers and a three dimensional gel network. Hydrogen bonding is the main driving force to induce aggregation of small molecules in water to form nanofibers and hydrogels. Successful integration of biologically active molecules in hydrogels has led to rapid development of supramolecular hydrogels as a new class of biomaterial. These hydrogels have recently received much attention due to their potential in medical fields such as drug delivery, tissue culture, and medical treatment.

Yang *et al*. reported the first hydrogel derived from an aminoglycoside antibiotic (kanamycin), and described how the hydrogel based on kanamycin aminoglycoside preserves the specific interaction with their macromolecular targets, e. g. 16 S rRNA.[32](#open201900193-bib-0032){ref-type="ref"} This is a simple approach to explore and identify possible biological targets of supramolecular nanofibers/hydrogels. Figure [9](#open201900193-fig-0009){ref-type="fig"} explains the conversion of functional molecules to hydrogels in a simple way to leverage the self‐assembly of the functional molecule, and the interactions between nanofibers and potential targets. The self‐assembly of nanogels leads to the formation of supramolecular nanofibers, and then supramolecular nanofibers which sequester the potential targets \[(e. g. 16 S rRNA (in red)\] in the gel phase (Figure [10](#open201900193-fig-0010){ref-type="fig"}).

![Supramolecular nanofibers sequester the potential targets \[(e. g. 16 S rRNA (in red)\] in the gel phase. Reprinted from[32](#open201900193-bib-0032){ref-type="ref"} with permission of Royal Chemical Society.](OPEN-8-1154-g014){#open201900193-fig-0009}

![Supramolecular nanofibers sequester the potential targets \[(e. g. 16 S rRNA (in red: as shown in Figure [9](#open201900193-fig-0009){ref-type="fig"})\] in the gel phase.](OPEN-8-1154-g015){#open201900193-fig-0010}

Gentamycin is another class of aminoglycoside antibiotic which has a bactericidal effect on both gram positive and gram negative bacteria. It is commonly used against infections caused by Staphylococcus aureus, Staphylococcus epidermidis, Escherichia coli, Klebsiella pneumoniae, Proteus mirabilis and Pseudomonas aeruginosa. Gentamycin is chemically stable and soluble in water. The amino group of gentamycin can protonate, and this positive charge facilitates the drug attachment to negatively charged hosts by electrostatic interactions. The release of this molecules is controlled by encapsulating the same in the porous network. This will allow the slow release of the drug. This was demonstrated by Tamanna *et al* who used mesoporous silica nanoparticles (MSNs) to control the release of gentamycin via a self‐assembled polyelectrolyte coating.[33](#open201900193-bib-0033){ref-type="ref"} They first loaded the gentamycin into the drug carrier by adjusting the pH, and then coated the MSNs with multilayer film of polyelectrolytes such as sodium polystyrene sulfonate (PSS) and poly (allylamine hydrochloride) (PAH). They achieved a high gentamycin loading capacity of 211 micro gm per mg MSNs at pH 7.4. The unique pore structure of the MSNs helps not only to control the release but also offers the space for storing a huge amount of gentamycin.

4. Nano‐Flower Assembly {#open201900193-sec-0004}
=======================

The unique properties of the nanomaterials are effectively utilized for the delivery of antibiotics. It has been demonstrated that silver nanoparticles are quite effective in replacing conventional antibiotics due to their broad spectrum antimicrobial activity. However, silver nanoflowers oxidise and aggregate easily, and are toxic to mammalian cells. Thus there is a need to develop coatings on antibacterial agents. This was achieved by coating the silver nanoparticles with gold nanostructures. For example, Yan *et al*. demonstrated that gold‐silver‐gold alloy nanoflowers are highly effective antimicrobial materials with a low toxicity. They demonstrated *in vivo* inhibition of bacteria by using gold\@silver‐gold alloy nanoflowers with a distinct atomic structure (Figure [11](#open201900193-fig-0011){ref-type="fig"}).[34](#open201900193-bib-0034){ref-type="ref"} Gold\@silvergold alloy nanoflowers with rough surface adsorbed firmly on bacterial cell surfaces and damaged the cell membrane. They also used these nanoflowers for treatment of bacterial infection in mouse intestine and observed that there is a significant decrease in bacteria as compared to an untreated mouse which gives similar results to current antibiotics. These nanoflowers bind to the protein surface of bacteria, and leads to damage of bacterial cells and subsequently cell death.

![(a) Schematic illustration of the synthesis of Au\@AgAu ANFs. The TEM and HRTEM images of (b and c) Au\@AgAu ANSs and (d and e) Au\@AgAu ANFs. Reprinted from[34](#open201900193-bib-0034){ref-type="ref"} with permission of Royal Chemical Society.](OPEN-8-1154-g016){#open201900193-fig-0011}

Recently, Liu and co‐workers developed a photoelectrochemical (PEC) aptasensor based on a 3D flower‐like TiO~2~‐MoS~2~AuNP composite, in which mercapto‐group modified aptamers were immobilised on the photoactive composite as a recognition unit for kanamycin (Figure [12](#open201900193-fig-0012){ref-type="fig"}).[35](#open201900193-bib-0035){ref-type="ref"} The composite was found to have three important factors: 1) acceleration of electron transfer, 2) increase in the loading of aptamers and 3) improvement in visible light excitation of the sensor. The aptasensor displayed a dynamic range from 0.2 nM to 450 nM for kanamycin, with a detection limit of 0.05 nM under optimal conditions. This is the first example which was demonstrated to be an eﬀective scaﬀold for the development of photoelectrochemical biosensors.

![Synthesis of TiO~2~‐MoS~2~‐gold nanoparticles, fabrication steps of a kanamycin aptasensor and its PEC mechanism of detection. Reprinted from[35](#open201900193-bib-0035){ref-type="ref"} with permission of Elsevier.](OPEN-8-1154-g017){#open201900193-fig-0012}

In both nano‐ & bio‐technology, fluorescent molecules play an important role, for highly sensitive and selective sensing for the detection of cations, anions and neutral molecules, and also for bioimaging and biomolecule detection. Among biomolecules, heparin is widely used for anticoagulation during surgery. Heparin is a highly sulfonated aminoglycoside, and bears a negative charge at physiological pH due to presence of the sulphonate and carboxylic groups. Several methods are available for heparin detection such as use of surface plasmon resonance, colorimetric changes and indicator displacement assays, but they suffer from poor selectivity and specificity. Recently, Nalage *et al*. have used aminoglycoside antibiotics such as kanamycin A with a pyrenyl (kanamycin‐pyrenyl conjugate) fluorophore, which showed a high selectivity and sensitivity for detection of heparin over other biomolecules such as ATP, AMP, triglycine, aspartic acid, and act‐DNA (Figure [13](#open201900193-fig-0013){ref-type="fig"}).[36](#open201900193-bib-0036){ref-type="ref"} The kanamycin A‐pyrene conjugate carries polar hydroxyl groups for hydrogen bonding, amino groups for interaction with anionic species and the pyrenyl group for fluorescence. This is the first report where a kanamycin A based fluorescent neutral sensor has been used for specific recognition of heparin. However, the biological assays of the polyvalent kanamycin model showed neither antibacterial activity nor inhibitory activity against rRNA based protein synthesis.[37](#open201900193-bib-0037){ref-type="ref"}

![Interaction of heparin with a kanamycin A‐pyrene conjugate.[36](#open201900193-bib-0036){ref-type="ref"}](OPEN-8-1154-g018){#open201900193-fig-0013}

RNA and DNA are targets for new detection methods. In recent years, amino modified silica nanoparticles and cationic gold nanoparticles have been used for DNA sensing. Aminoglycoside antibiotics were developed as DNA intercalators in molecular biology, and were also shown to be applicable for detection of DNA, generation of electroactive species and in biotransformation.[38](#open201900193-bib-0038){ref-type="ref"} Grace *et al*. used gold nanoparticles coated with aminoglycosides, which showed an efficient antimicrobial activity against gram‐negative and gram‐positive bacteria.[39](#open201900193-bib-0039){ref-type="ref"}

We also reported a highly selective and sensitive technique for detection of DNA using kanamycin A‐modified gold nanoparticles, with a high binding affinity towards DNA as shown in Figure [14](#open201900193-fig-0014){ref-type="fig"}.[40](#open201900193-bib-0040){ref-type="ref"} We also demonstrated the interaction of ethidium bromide, a dye which specifically binds to DNA with kanamycin A‐modified gold nanoparticles. When ethidium bromide‐DNA (EtBr‐DNA) complex interacts with kanamycin A‐modified gold nanoparticles, fluorescence is observed. The EtBr‐DNA complex shows increased fluorescence with kanamycin A‐modified gold nanoparticles when compared to an unmodified gold nanoparticle. Aggregation of gold nanoparticles in the presence of DNA indicates that binding of kanamycin A‐modified gold particles to DNA is occurring.

![Schematic representation of kanamycin A‐modified gold nanoparticles and their self‐assembly with DNA.](OPEN-8-1154-g019){#open201900193-fig-0014}

In another report, we demonstrated the synthesis of gold and silver nanoparticles by reducing AuCl~4~ and AgNO~3~ using pineapple extract, and studied the interaction of these nanoparticles with aminoglycosides such as kanamycin A and neomycin, in which aminoglycoside antibiotics were used as stabilising agents. This work demonstrated that aminoglycosides play a crucial role, not only in tuning the properties of the Au and Ag nanoparticles, but also formed particles are polydispersed, and are much more stable in solution or in powder form for a longer time. We believe that this protocol is useful for the synthesis of shape controlled gold and silver nanoparticles, with unique structural and spectral properties at room temperature in aqueous medium.[41](#open201900193-bib-0041){ref-type="ref"}

Belmont *et al*. reported kanamycin aminoglycoside derived gene delivery systems, in which cationic lipid characterised by an aminoglycoside head group allowed efficient gene transfer into a variety of mammalian cells in vitro, when used either alone or as a liposome formulation with the neutral colipid dioleoylphosphatidylethanolamine (DOPE). Aminoglycosides have six amino groups and several hydroxyl groups, and selective acylation of one of the six amino group provides aminoglycosides with lipophilic properties, which is required for their use as a vector for gene transfer. They also showed that functionalisation of cationic cholesterol conjugate characterized by a kanamycin headgroup and its polyguanidinylated derivative is very efficient for gene transfection into the mouse airways *in vivo*.[42](#open201900193-bib-0042){ref-type="ref"}

Excess use of aminoglycoside antibiotics causes damage to kidneys and cranial nerves, which may result in renal dysfunction and irreversible hearing less. Therefore, it is desirable to determine the aminoglycosides level in blood and urine by a simple and efficient method. *Yang et al* used a copper microparticle‐modified carbon fiber microdisk electrode array for the determination of aminoglycoside antibiotics by capillary electrophoresis.[43](#open201900193-bib-0043){ref-type="ref"}

5. Applications of Modified Aminoglycosides {#open201900193-sec-0005}
===========================================

The Westermann group used the Ugi multicomponent reaction to functionalise neomycin B and kanamycin B, obtaining multivalent neoglycoconjugates with 2,6‐diamino‐2,6‐dideoxyglucoseby as mono‐, di‐ and tri‐valent carbohydrate clusters as shown in Figure [15](#open201900193-fig-0015){ref-type="fig"}.[44](#open201900193-bib-0044){ref-type="ref"} These new derivatives are important as Wong *et al*. earlier reported that incorporation of 2,6‐diamino‐2,6‐dideoxyglucopyranose moieties (ring I of neomycin B) offers very good binding motifs for prokaryotic RNA interaction through the phosphodiester group and the Hoogsteen site of RNA residues (see Figure [15](#open201900193-fig-0015){ref-type="fig"}).[45](#open201900193-bib-0045){ref-type="ref"}

![Binding modes of aminoglycosides to RNA.](OPEN-8-1154-g020){#open201900193-fig-0015}

*Cowan* and co‐workers[46](#open201900193-bib-0046){ref-type="ref"} in 1998 described the synthesis of novel aminoglycosides, and also developed new approaches to the recognition and specific binding of anionic species. Furthermore, they showed how these antibiotics can be used for anion sensors in biological and separation science. Aminoglycosides may provide new approaches to the recognition and specific binding of anionic species due to large number of functional groups they possess and their positive charge density in neutral solution. The coordination chemistry of neomycin B with a variety of negatively charged species was evaluated, with thermodynamics studied by isothermal titration calorimetry. Anion binding typically involves outer sphere coordination. Due to presence of six amino functional groups of neomycin B, a strong affinity to bind a variety of ionic species is expected, making it as a biological sensor and also in ion separation.

Cowan and co‐workers synthesised copper derivatives of aminoglycosides, and showed them to be efficient catalysts for RNA and DNA cleavage at neutral pH (Figure [16](#open201900193-fig-0016){ref-type="fig"}).[47](#open201900193-bib-0047){ref-type="ref"} They also showed that Cu^2+^‐kanamycin cleaved plasmid DNA yields residual DNA and larger product fragments along with cytosine (C), guanine (G), thymine (T), and adenine (A), which were confirmed by HPLC profiles. They later found that both the copper aminoglycosides follow a highly specific route mediated by abstraction of the C‐4H\'s in which opposing strands are separated by two additional base‐paired nucleotides.[48](#open201900193-bib-0048){ref-type="ref"} This provides a rational explanation for double‐strand cleavage of duplex DNA. Oxidative degradation of DNA is accomplished a number of ways, including abstraction of proton from C‐1′, C‐2′, C‐3′, C‐4′, and C‐5′ carbons of ribose. The moiety Cu^2+^‐neomycin or Cu^2+^‐kanamycin have potential importance in oxidative cleavage of double stranded DNA at C‐4′. This is highly specific at the C‐4′ position, giving a highly efficient route by abstraction of C‐4 H, as compared to all other different oxidative paths.

![The chemical structure of copper derivatives of aminoglycosides.](OPEN-8-1154-g021){#open201900193-fig-0016}

Later, they demonstrated *in vivo* recognition and cleavage of an RNA target sequence with copper aminoglycoside for the first time.[49](#open201900193-bib-0049){ref-type="ref"} This suggested that copper aminoglycosides could be a potential source of new metal based drugs that not only recognise but also destroy RNA targets *in vivo*. To demonstrate *in vivo* cleavage chemistry, they designed a fluorescence assay based on green fluorescent protein. Copper kanamycin A was used for *in vivo* cleavage of the R23 RNA target sequence, which resulted in a decrease in translatable mRNA transcript.

The Tor group reported for the first time that neomycin B effectively hydrolyses the phosphodiester group of RNA dinucleoside, as compared to 1,3‐diaminopropane and 3‐aminopropan‐1‐ol at pH 8.0 and reverse phase HPLC confirmed the release of adenosine from loss of adenylyl (3 A--5 A) adenosine (ApA) as shown in Figure [17](#open201900193-fig-0017){ref-type="fig"}.[50](#open201900193-bib-0050){ref-type="ref"} It has been demonstrated that the DNA‐polyamine conjugate, a sequence‐specific RNA cleaver was able to break the RNA strand most effectively. Furthermore, they also showed that neomycin B is able to enhance the hydrolysis of a ribonucleoside monophosphate. Simple unstructured polyamines and also basic polypeptides were shown to RNA hydrolysers, and aminoglycoside antibiotics exhibited a similar effect. The rate of RNA hydrolysis by neomycin B is pH dependent, and as neomycin has six amino groups it will be protonated when the pH is lowered, and the rate of RNA hydrolysis is expected to decrease. Thus, this method provides a new method of RNA recognition with hydrolysis by using aminoglycosides. These molecules may be useful chemical probes for RNA structure and folding.

![Kinetic analysis of ApA hydrolysis by various organic amines at pH 8.0 and 50 °C. Reprinted from[50](#open201900193-bib-0050){ref-type="ref"} with permission of Royal Chemical Society.](OPEN-8-1154-g022){#open201900193-fig-0017}

Kopaczynska *et al*.[51](#open201900193-bib-0051){ref-type="ref"} studied the interaction of aminoglycoside antibiotics tobramycin, kanamycin and neomycin with calf thymus DNA. Among these three antibiotics, tobramycin was shown to induce the selective condensation of nucleic acid into complex structures, blocking the biological activity of DNA. However, kanamycin and neomycin caused direct damage of genetic material rather than condensation. This different behavior of tobramycin as compared to other two aminoglycosides is due to smaller hydration sphere of tobramycin, indicating the drug may interact with the minor groove of the DNA duplex (see Figure [18](#open201900193-fig-0018){ref-type="fig"}). These interactions are important for designing new and efficient drugs, or minimizing their adverse side effects. Figure [18](#open201900193-fig-0018){ref-type="fig"} demonstrates the condensation of tobramycin with DNA in 0.2 : 1, 1 : 1, and 10 : 1 base pair molar ratios. It can be clearly seen that with increasing ratio of tobramycin to DNA, formation of the compact structures such as toroids, spheres, and rods, respectively. Therefore, this recent study on the mechanisms of condensation is important, not only for understanding their functioning in cells, but also to design new drug molecules with minimal adverse side effects. These results also helped in understanding nephrotoxicity issues, and reactions of aminoglycoside antibiotics in the human body.

![Molecular interaction mechanism of tobramycin with DNA. (a) Two aminoglycosides acting as a clamp induce DNA curvature. (b) Zoom in hydrogen bond between tobramycin molecule and oxygen of deoxyribose 5‐phosphate and the amine groups of tobramycin. Reprinted from[51](#open201900193-bib-0051){ref-type="ref"} with permission of Wily‐VCH.](OPEN-8-1154-g023){#open201900193-fig-0018}

6. Conclusions and Outlook {#open201900193-sec-0006}
==========================

In summary, this review is a road map to stimulate further modification of the aminoglycoside antibiotics overcome issue in biological sciences. Chemical modification of various aminoglycosides, their self‐assembled nanostructures and interactions with DNA and RNA in real world applications were discussed in detail. We also discussed that aminoglycosides have appropriate binding sites due to the availability of hydroxyl groups which are readily available for hydrogen‐bonding, and can be functionalised through modification. This would pave the way for many more applications in supramolecular chemistry based on aminoglycosides, similar to other earlier reports that described for other molecules. The impending problems of bacterial resistance to antibiotics may well find an answer in the use of supramolecular chemistry with existing antibiotics, and this review offers a lot of possibilities of encouraging further work to this end. To improve the safety and efficacy of the multi drug‐resistant bacteria through optimized dosing regimens has led to a rehabilitated interest of the researcher. However, due to increased resistant power of bacteria against antibiotics make researcher to think to modify the aminoglycosides antibiotics using supramolecular self‐assembled structures. As supramolecular self‐assembly is only a phenomenon in which molecules spontaneously organizes into assembled structures from and such controlled structures of drug molecules into ordered structures has been demonstrated a powerful technique in designing and constructing nano‐ and bio‐techanology.[52](#open201900193-bib-0052){ref-type="ref"}, [53](#open201900193-bib-0053){ref-type="ref"}, [54](#open201900193-bib-0054){ref-type="ref"}, [55](#open201900193-bib-0055){ref-type="ref"}, [56](#open201900193-bib-0056){ref-type="ref"}, [57](#open201900193-bib-0057){ref-type="ref"} Such controls atom and/or molecular‐level in technology are important for the precise placement of components in real world applications.

Nevertheless, there are only few successful designs shown to overcome common aminoglycoside resistance mechanisms against multidrug‐resistant (MDR) pathogens. However, there need to be more study done in future to completely overcome these issues. There is always believe that functionalised aminoglycosides may become critical component of the current antibacterial arsenal due to their broad spectrum of activity, any may take rapid bactericidal action, and also may favorable chemical and pharmacokinetic properties, thus, will make them a clinically useful class of drugs across numerous infection types in future.
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